Although senile plaques focally disrupt neuronal health, the functional response of astrocytes to Alzheimer's disease pathology is unknown. Using multiphoton fluorescence lifetime imaging microscopy in vivo, we quantitatively imaged astrocytic calcium homeostasis in a mouse model of Alzheimer's disease. Resting calcium was globally elevated in the astrocytic network, but was independent of proximity to individual plaques. Time-lapse imaging revealed that calcium transients in astrocytes were more frequent, synchronously coordinated across long distances, and uncoupled from neuronal activity. Furthermore, rare intercellular calcium waves were observed, but only in mice with amyloid-b plaques, originating near plaques and spreading radially at least 200 micrometers. Thus, although neurotoxicity is observed near amyloid-b deposits, there exists a more general astrocyte-based network response to focal pathology.
G
rowing evidence supports the hypothesis that in Alzheimer's disease (AD), synapses fail and dendritic spines are lost in the amyloid-b (Ab) plaque microenvironment through a combination of changes in synaptic drive, calcium overload, and the activation of calcium-dependent degenerative processes (1) (2) (3) (4) . Neurons, however, make up only part of the brain's volume, with astrocytes making up the bulk of the remainder. Astrocytes form a structurally interconnected network that, in vitro, exhibit distinct long-distance signaling properties that might be revealed in vivo only after pathological trauma. The idea that neural network dysfunction and degeneration also fully mediate the memory loss in AD does not reflect the growing in vivo evidence that astrocytes play an important role in cortical circuit function (5) (6) (7) . In AD, pathological studies of human cases and mouse models have shown that astrocytes surround plaques and might play a critical role in Ab deposition and clearance (8) (9) (10) . Given the profound impact of Ab deposition on nearby neuronal calcium homeostasis and synaptic function, it is reasonable to hypothesize that astrocyte networks would also be perturbed and might contribute to cortical dysfunction (11) . We sought to test whether senile plaque deposition would similarly affect astrocyte calcium homeostasis or dynamic signaling in vivo in a mouse model of AD.
To answer these questions, we used multiphoton fluorescent lifetime imaging microscopy (FLIM) to measure resting calcium levels in astrocytes of live mice with cortical plaques (12) . We multiplexed the fluorescent properties of a small-molecule calcium dye [Oregon-Green BAPTA-1 (OGB)] in the same experimental model and for the same group of cells (Fig. 1A) ; we used OGB both as a relative indicator of astrocytic activity (intensity) and as a quantitative measure of steady-state intracellular calcium concentration ([Ca]i) (lifetime). We used mice that express mutant human Ab precursor protein (APP) and mutant presenilin 1 (PS1) (APPswe:PS1∆E9) in neurons. These mutations lead to an increase in Ab production and plaque deposition beginning at~4.5 months of age (13, 14) . In mice with plaques, resting [Ca]i in astrocytes was higher than in wildtype animals (Fig. 1, B fig. S3 ). There was no effect of plaque proximity on resting [Ca]i in individual astrocytes ( Fig. 1G ; n > 25 cells per bin). However, plaques deposit rapidly in these mice, so that very few astrocytes were farther than 100 mm away from a plaque.
Using time-lapse calcium imaging of OGB intensity, we measured spontaneous astrocytic activity. Astrocytes in adult APP/PS1 mice (6 to 8 months old) with cortical plaques exhibited a significant increase in spontaneous activity ( Fig. 2 and movies S1 and S2). 27.9 T 6.0% of all astrocytes were active in APP/PS1 mice when compared with the relatively rare spontaneous events seen in wild-type mice (8.1 T 2.3%; P < 0.05) (Fig. 2B ). APP/PS1 mutant mice did not show evidence of altered spontaneous activity before they developed senile plaques (at 3 to 3.5 months old) (Fig. 2B) . Furthermore, the amplitude ∆F/F of the calcium signals was significantly higher in APP/PS1 mice (∆F/F, 33.6 T 1.1%) when compared with that of wild-type mice (∆F/F, 23.2 T 0.8%, P < 0.001) ( fig. S4 ). This change in astrocytic function was also independent of plaque proximity ( Fig. 2C and fig. S4 ), again implicating a global astrocytic response to plaque deposition. It was possible that our measurements of baseline resting calcium using FLIM ( Fig. 1 ) reflected this increased astrocyte spontaneous activity rather than a change in baseline resting calcium. To test this, we coregistered FLIM data with spontaneous activity data to allow single-cell identification across imaging modalities. Spontaneously active cells did not have significantly different resting calcium than nonactive cells ( Fig. 1H , P = 0.811).
In this mouse model, astrocytes do not produce Ab, which suggests a non-cell-autonomous mechanism behind the increased activity. Hyperactive neurons in the plaque penumbra (2) might be responsible by inducing increased activity in functionally connected astrocytes. To test this, we blocked neuronal activity with the sodium-channel blocker tetrodotoxin (TTX) (Fig. 2, D to F, and  fig. S5 ). Under these conditions, astrocytic activity persisted (Fig. 2F) . Thus, the increase in astrocyte activity does not derive from neuronal hyperactivity near Ab deposits, which supports the hypothesis that Ab interacts directly with the astrocyte network.
Astrocytes play a local role in supporting neuronal activity and in mirroring neuronal responses to sensory stimuli (6) . There is little in vivo evidence supporting the hypothesis that astrocytes form long-range signaling networks (7, 15) . To test this in the AD mouse model, we measured the correlation in activity for all active astrocyte cell pairs in a given imaging field. Two cells that were synchronously active would have a robust central peak in the cross-correlogram. There was a sizable increase in the central peak of the correlogram for the transgenic astrocyte cell pairs (Fig. 3A and  fig. S6 ).
We next compared the average correlation coefficient as a function of the pairwise distance of the two cells (Fig. 3B) and modeled the relationship with distance as an exponential function. In wild-type mice, activity was correlated only when cells were within 50 mm of each other (P < 0.05, Kruskal-Wallis with Tukey-Kramer post hoc test). In transgenic mice, there was increased correlated activity as compared with that of the wild type (P < 0.001, Mann-Whitney U test) that persisted at distances beyond 50 mm (P <
Thus, astrocytes in mice with cortical plaques exhibit functional coordination of their intracellular calcium signals at long distances. Indeed, we observed intercellular calcium waves (ICWs) in six out of eight transgenic mice but never in wild-type mice (Fig. 4 ; n = 8 transgenic and 5 nontransgenic mice; P < 0.05, Fisher exact test). These waves traveled 196 T 41 mm at a speed of 22.7 T 6.4 mm/s, similar to that observed in cells (16) . The "initiator" astrocyte was located 24.8 T 7.8 mm from the nearest senile plaque, a proximity that has been previously associated with increased synapto-and neurotoxicity (3, 4) . This was significantly closer than the average distance of an astrocyte to the nearest plaque ( Fig. 4D ; active = 52.5 T 2.3 mm, inactive = 52.3 T 1.2 mm, P < 0.05). Calcium transients during an ICW (∆F/F, 45.2 T 2.4%) were higher in magnitude than a typical spontaneous event in transgenic mice ( Fig. 4E; ∆F/F, 30.1 T 1.5%, P <0.01) , suggesting that this signal was different from that spread by nonwave activity.
Astrocytes, in normal conditions, can have highly localized and independent responses (6). In the AD model, astrocytes exhibited networkwide elevations in resting calcium and increased network-level functional activity. Thus, it appears that astrocytes may represent functionally adaptive cells that play distinct roles in health versus disease. The astrocytic network amplified the effects of focal amyloid deposition across a larger cortical network landscape, perhaps contributing to the global alterations in cortical function and possibly the memory disorders seen in AD. One mechanism underlining this amplification effect is the propagation of ICWs. The observed ICWs typically began in the local plaque microenvironment, suggesting that plaques or plaque-associated bioactive species might induce these powerful calcium waves that travel across the cortex. Since the initial discovery of ICWs nearly two decades ago (17) , their existence in culture and in acute slices has never been confirmed in vivo (16, 18) . Their propagation, through gap junctions (19) or via adenosine 5´-triphosphate (20, 21) , has been postulated to signal the existence of a pathological insult (16, 18) . Our data support this hypothesis because plaque deposition has been linked extensively to neuronal trauma (1, 4, 22) .
The increased astrocyte activity cannot be explained by a simple coupling mechanism with neuronal activity. First, neuronal calcium homeostasis is most severely impaired near senile plaques (4), whereas here resting calcium was globally elevated in astrocytes. Second, neurons exhibit a pronounced hyperactivity near plaques (2), whereas here astrocytes were more active both near and far from plaques. Third, abolishing neuronal activity had no measurable effect on astrocytic calcium oscillations. Thus, whereas senile plaque deposition induces local synapto-and neurotoxicity, the same Ab deposits might catalyze astrocytic intra-and intercellular signaling events. This idea is supported in part by evidence that cultured astrocytes exhibit elevated calcium upon application of Ab but are surprisingly resistant to cell death (unlike neurons) (23) . An important question that remains unanswered is whether modulating astrocytic calcium signaling, via genetic (24) or pharmacological manipulations, will result in dynamic changes in amyloid accumulation (10) or alter neuronal network activity associated with behavioral impairments.
